Deviations from ionization equilibrium in the near-cathode region of a high-pressure high-current arc are analysed. Estimates and numerical calculations are given for an atmospheric-pressure argon arc. It is found that the deviations extend over the distance of about 100 µm from the cathode surface and are caused by ambipolar diffusion; convective transport of the charged particles, barodiffusion, thermal diffusion, diffusion caused by thermal non-equilibrium between electrons and heavy particles, and transport due to the presence of the electric current are minor effects.
Introduction
Three types of deviation from local thermodynamic equilibrium (LTE) in near-cathode regions of atmosphericpressure arc discharges are believed by most investigators to be crucial: a deviation of the electron temperature from the heavy-particle temperature, a deviation from ionization equilibrium, and a violation of quasineutrality. The extension of the region in which a deviation of the electron temperature from the heavy-particle temperature is localized is not yet quite clear. Note in this connection that deviations of several thousand degrees have been found at 2 mm from the cathode tip in experiments [1, 2] .
Opinions on whether the violation of quasineutrality (i.e. the presence of a near-cathode space-charge sheath) is essential are still divided (see, for example, [3, 4] ).
Deviations from ionization equilibrium are believed by most authors to be insignificant at distances from the cathode surface exceeding a few tens of micrometres [3] [4] [5] . On the other hand, emission spectroscopy indicates that there are non-equilibrium populations of atomic states (which implies possible deviations from ionization equilibrium) up to 3 mm from the cathode surface (see [6, 7] and references therein). It was shown experimentally in [6] and theoretically in [7, 8] that these deviation are caused by the convective transport of the charged particles, which was disregarded in [3] [4] [5] . However, theoretical analysis [7, 8] has been carried out under the assumption of thermal equilibrium and the most attention has been paid to the effect of overpopulation of the ground state of atoms on the emission coefficients; therefore it is difficult to draw, on the basis of these works, a conclusion on the extent of the region of ionization non-equilibrium.
In this paper estimates and numerical results are presented for deviations from ionization equilibrium in the near-cathode region with an account of diffusion of various types, convection and of the fact that the electron temperature in the near-cathode region is likely to substantially exceed the heavy-particle temperature.
The model
The charged particle density in a quasineutral plasma comprised of neutral atoms, singly charged positive ions and electrons is governed by the equation (see appendix A)
Here and further n i and n a are number densities of the charged particles and atoms, n h = n i + n a is the number density of nuclei, d/dt is the operator of the material derivative (d/dt = v · ∇ under steady-state conditions considered in this paper, where v is the mean mass velocity of the plasma), ω = n i /n h is the local ionization degree, D a , D ea and ζ a , ξ a are diffusion coefficients and thermal diffusion ratios introduced in appendix A, T e and T h are the electron and heavy-particle temperatures, m e and e are the electron mass and charge, m a is the mass of the atom; j is the current density, k is the Boltzmann constant, p is the pressure of the plasma and w is the difference between the ionization and recombination rates. Equation (1) may be interpreted as an equation describing diffusion of the charged particles in the gas of neutral atoms or, alternatively, as an equation of diffusion of 0022-3727/99/030257+06$19.50 © 1999 IOP Publishing Ltd atoms in the ion-electron mixture; the latter interpretation is particularly illustrative for a plasma close to full ionization. In the framework of the former interpretation, terms on the left-hand side of equation (1) have the following sense. The first term describes convective transport of the charged particles. The first and second terms in the curly brackets describe ambipolar diffusion and transport of the charged particles due to the presence of electric current, the third term accounts for barodiffusion, thermal diffusion caused by gradients of the electron and heavy-particle temperatures, and diffusion caused by thermal non-equilibrium.
Equation (1) is to be solved jointly with the boundary condition of zero charged particle density at the edge of the near-cathode space-charge sheath, which is a conventional boundary condition for diffusion equations (see, for example, the discussion in [9] ).
Estimates
It is generally believed that, with the possible exception of arc fringes where the electron density is low, dominating mechanisms of ionization and recombination under conditions typical for atmospheric-pressure highcurrent argon arcs are ionization in collisions with electrons and recombination in which the third body is an electron. The source term may be written as w = k i n i n a − k r n 3 i , where k i and k r are the ionization and recombination rate constants respectively. Analysis of a deviation from ionization equilibrium amounts to estimating terms on the left-hand side of equation (1) against those on the right-hand side, for example against the ionization term.
Before proceeding to estimates, one needs to specify the rate constants k i and k r ; it is sufficient to specify one of them since they are related through the principle of detailed balancing. The recombination rate constant for argon was calculated by means of the formulae of Hinnov and Hirshberg [10] and of Hoffert and Lien [11] in the previous works, [3, 4] and [5, 8] respectively. Values given by these two formulae are compared in figure 1. In the range T e 6000 K, values given by the Hinnov-Hirshberg formula are higher by two orders of magnitude or more. In [9] , the ionization rate constant for argon has been calculated with the use of the modified diffusion approximation [12] . A somewhat different calculation of this constant is given in [13] . The respective recombination rate constants are also shown in figure 1 and are relatively close to that [11] . In this work, the data from [9] are used.
We start by estimating the ambipolar diffusion term, which involves the highest-order derivative of the particle density and is therefore important in all the cases at least in the vicinity of the edge of the space-charge sheath. Its order of magnitude against the ionization term may be conveniently characterized by the ratio (d/L) 2 , where d is the ionization length (see appendix B) and L is a characteristic length scale. It should be emphasized that this estimate is applicable not only to a weakly or partially ionized plasma but also to a plasma close to full ionization in which |∇ω| = O[n a /(n h L)]; the latter can be checked with the use of the second formula in equation (17) . The ionization length calculated for the atmospheric-pressure argon plasma is shown in figure 2 . The data for each T h are presented in the range of T e in which the density of doubly charged ions does not exceed 20% of the density of singly charged ions. For T e 20 000 K, which is likely to be the case in the near-cathode region, d does not exceed 50 µm. This value is substantially larger than given in [3] (10 µm), which is due to essentially different rate constants. Nevertheless, the present value is still much smaller than the spot radius and dimensions of the arc as a whole. It follows that the effect of diffusion is localized in a layer of a thickness of the order of hundred micrometres (following the conventional terminology, we shall refer to this region as the ionization layer) and is insignificant in the expansion zone and in the plasma column.
The order of magnitude of the convection term against the ionization term equals the ratio of the ionization time
It should be emphasized that the ionization time τ ion is defined here in terms of n h rather than n a , which makes the estimate applicable not only to a weakly or partially ionized plasma but also to a plasma close to full ionization. The ionization time calculated under the assumption of ionization equilibrium for the atmospheric-pressure argon plasma is shown in figure 2.
For T e 20 000 K, it does not exceed 0.3 µs.
Although the question of the plasma velocity is not yet quite clear, it is generally believed that v 500 m s −1 . Using this value and setting L equal to 1 mm, one gets τ conv = 2 µs, which substantially exceeds τ ion . It follows that convection is insignificant in the expansion region and in the plasma column. If L = 100 µm, τ conv equals 0.2 µs and is comparable to τ ion . It is not clear, however, whether plasma velocities of such an order of magnitude in the direction normal to the cathode surface may occur at distances from the cathode surface that small. A detailed information on the plasma velocity distribution in the vicinity of the cathode surface is necessary to answer this question.
The order of magnitude of the current term against the ionization term equals the ratio of the ionization time to
is of the order of 10 3 . The highest value of the current density in the near-cathode region available in the literature is about 4×10 8 A m −2 [14] . The charged particle density in a partially to strongly ionized plasma is of the order of 10 23 m −3 . Using these values and assuming that L = 100 µm, one finds that τ j equals 4 µs and considerably exceeds the ionization time. Hence, transport of the charged particles by the electric current is a minor effect in the expansion region, in the plasma column and in the bulk of the ionization layer. On the other hand, τ j becomes comparable to or smaller than τ ion in the section of the ionization layer adjacent to the sheath, where n i tends to zero.
The barodiffusion and thermal diffusion terms and the terms accounting for diffusion caused by thermal nonequilibrium are, generally speaking, of the same order as the ambipolar diffusion term. However, the pressure variation in the near-cathode region does not exceed a few per cent (for example [8] ); the electron temperature variations on a length scale of the order of 100 µm are not very significant [14] . Hence, the barodiffusion term and the terms in ∇T e are small in comparison with the ambipolar diffusion term and may be neglected. In order to obtain an estimate of the coefficient ζ a , one can neglect the effect of collisions with electrons and apply the formula [15] determining a thermal diffusion ratio in a binary mixture in the first approximation in expansion in the Sonine polynomials in the method of Chapman-Enskog. It follows from this formula that the thermal diffusion ratio is zero in the case when the frequency of interspecies collisions is constant, regardless of potentials of interaction of particles of each species between themselves. Since the assumption of constant collision frequency provides a reasonable approximation for the resonant charge exchange which governs the ion-atom collisions, it can be expected that ζ a 1. Since the ratio T e /T h exceeds unity, it follows that thermal diffusion due to non-uniformity of T h is less important than diffusion caused by thermal non-equilibrium.
It follows from the above estimates that the ionization equilibrium holds in the expansion zone and in the plasma column and is violated in the ionization layer of a thickness of the order of 100 µm adjacent to the edge of the space-charge sheath, in which the charged particle distribution is governed, apart from ionization and recombination, by ambipolar diffusion, diffusion caused by thermal non-equilibrium, and maybe by convective transport and transport due to the presence of the electric current.
Numerical calculations
In this section, quantitative results are presented for the charged particle distribution on the axis of symmetry of an atmospheric-pressure argon arc. Since the terms of equation (1) accounting for diffusion and transport due to the presence of the electric current are necessary only in a thin ionization layer where respective fluxes are directed normally to the surface, one can omit the terms with alongsurface derivatives that account for fluxes in the directions along the surface. Thus equation (1) is reduced to an ordinary differential equation, in which the only independent variable is the (axial) distance z from the cathode surface. This equation was solved numerically with the boundary condition ω = 0 at the sheath edge (which coincides, on the scale considered, with the cathode surface z = 0) and a 'soft' boundary condition ∂ω/∂z = 0 at z = 1 mm. An iterative approach based on the Petukhov finite-difference scheme [16] has been used.
The diffusion coefficients have been calculated by means of equation (4) with the average cross sections taken from [17] . In accord with the above estimates, barodiffusion, thermal diffusion due to non-uniformity of T h and diffusion caused by non-uniformity of T e are neglected. The distribution of the axial mean mass velocity of the plasma, v z (z), was taken from calculations kindly performed, at our request, by Dr J Haidar of CSIRO by means of the model [4] for an arc with a current of 100 A, a gas flow of 7 l min −1 , a cathode-to-anode gap of 8 mm and a conical thoriated tungsten cathode of 3.2 mm diameter and 60
• included cone angle with a stick out of 30 mm. This distribution is shown in figure 3 . Note that the maximal value of v z (z) in these calculations is achieved at approximately 1 mm from the cathode and is about 200 m s −1 . The distribution of the heavy-particle temperature, T h (z), was assumed to coincide with the distribution of the plasma temperature obtained in these calculations (note that thermal non-equilibrium is disregarded in the model [4] ) and is also shown in figure 3 . The electron temperature was set equal to 20 000 K.
Results of the numerical solution are shown in figure 3 . Curve 1 represents a solution obtained with account of ionization, recombination and of ambipolar diffusion. For comparison, also shown (curve 2) is a distribution calculated under the assumption of ionization equilibrium, i.e. taking account of only ionization and recombination. As expected, the effect of ambipolar diffusion is quite appreciable.
In order to evaluate the effect of diffusion caused by thermal non-equilibrium, of convective transport and of transport due to the presence of the electric current, calculations have been carried out in which one of these effects has been taken into account along with ionization, 
Thus, the above numerical results indicate that diffusion caused by thermal non-equilibrium, convective transport and transport due to the presence of the electric current are minor effects under the conditions considered. The deviation from the ionization equilibrium extends over the distance of about 100 µm, which is double the distance reported in the recent work [4] .
Conclusions
Estimates and numerical calculations indicate that deviations from ionization equilibrium in the near-cathode region of an atmospheric-pressure argon arc are caused by ambipolar diffusion rather than by convection, barodiffusion, thermal diffusion, diffusion caused by thermal non-equilibrium or transport due to the presence of the electric current. The thickness of a layer in which the deviations are localized (the ionization layer) may be larger than was previously believed; however, it is still much smaller than the spot radius and dimensions of the arc on the whole. According to the present analysis, non-equilibrium populations of atomic states detected by spectroscopic measurements [6, 7] should be interpreted as occurring in the fringes of the arc.
Using [18] , one can write the transport equation for atoms in the form
Here p is the plasma pressure, E is the electric field strength, ζ a and ξ a are the dimensionless kinetic coefficients which by similarity with the conventional theory of transport processes in gases (for example [15] ) may be called thermal diffusion ratios and D ia and D ea are the kinetic coefficients describing the 'interspecies friction forces'. Note that for a plasma in thermal equilibrium, T e = T h , this equation represents a particular case of the Stefan-Maxwell equations (see [19] [20] [21] ), relating diffusion velocities and diffusion forces in the conventional theory of transport processes in multispecies gas mixtures. Using transport equations for the ions and the electrons, one can show that coefficients D ia and D ea conform in the limit of a weakly ionized plasma to conventionally defined diffusion coefficients of ions and electrons in the gas of neutral atoms, which are inversely proportional to n a . On the other hand, D ia and D ea remain finite in the limit of a plasma close to full ionization. In the framework of the first approximation in expansion in the are the average cross sections for momentum transfer between ions or electrons and atoms. If T e = T h , these formulae coincide with respective formulae for coefficients of binary diffusion (for example [15] ).
Assume that the plasma is quasineutral, n i = n e . Expressing the partial pressure of the atoms in terms of p, c i and T e /T h , one gets
Taking the logarithmic derivative, one can arrive at
where n h = n i + n a . Substituting this equation into equation (3), one obtains
Note that (8) where j is the current density. These equations may be resolved jointly with equation (7) 
where the quantity D a is defined by the relationship (10) and may be interpreted as the coefficient of ambipolar diffusion. Substituting equation (9) 
Appendix B. Ionization length in a plasma of arbitrary ionization degree
Consider the following model: a three-species collisional quasineutral quiescent steady-state current-free plasma is adjacent to an absorbing wall.
Plasma pressure and electron and heavy-particle temperatures are constant and dependences of the diffusion coefficients on the fraction of the charged particles are neglected. The ionization length d is introduced through the equation
Here the upper index S designates a value calculated under the assumption of ionization equilibrium at T e , T h and p given and dn i /dz| s is the derivative of the charged-particle density at the edge of the space-charge sheath. Note that the ionization length is related to the ion saturation flux to the sheath edge, J i , by the simple formula
where β = T e /T h . A first integral of equation (1) for the considered model may be found analytically (for example [22, 23] ). Using this integral, one can write
The coefficient C 2 introduced here varies for β 1 between approximately 0.67 and 1 (see figure 7 of [9] ) and may be calculated by means of the formula
where
Note that writing the coefficient C 2 in the form (14) allows one to conveniently avoid numerical instability which appears in the case of a weakly ionized plasma (the function F (x) for small x can be calculated by means of the Taylor series). An alternative form of equation (13) is
In the limits of a weakly ionized plasma and of a plasma close to full ionization, equation (16) 
where C 1 = C 1 (β) = C 2 (β, ∞). In the review [22] , a characteristic length is defined by means of the formula similar to equation (13) with the coefficient 1/C 2 being replaced by √ 2. The two lengths coincide for a weakly ionized plasma and are somewhat different for a partially to fully ionized plasma.
In contrast to the definition [22] , the ionization length defined through equation (11) represents a natural scale of thickness of the ionization layer, not only for a weakly ionized plasma but also for a partially to fully ionized plasma. This is illustrated by figure 4 , in which distributions of the charged particles in the ionization layer are shown for the model considered. Curve 1 represents the solution for a weakly ionized plasma which is described by the formula n i = n (S) i tanh z/d [24] and is independent of β when represented in the normalized variables. Curves 2 and 3 represent solutions for a partially ionized plasma and for a plasma close to full ionization in the limit of thermal equilibrium, which have been obtained numerically. Curve 4 represents the solution for a partially to fully ionized plasma in the limit of hot electrons, which is independent of γ when represented in the normalized variables and is therefore described by the formula given in [9] for the case γ = ∞.
One can see that all the solutions are relatively close between themselves when represented in the normalized variables. n i in the region z 3d differs from n (S) i by no more than approximately 10%.
